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We mutagenized Sinorhizobium fredii HH103-1 with Tn5-
B20 and screened about 2,000 colonies for increased [3-
galactosidase activity in the presence of the flavonoid
naringenin. One mutant, designated SVQ287, produces
lipochitooligosaccharide Nod factors (LCOs) that differ
from those of the parental strain. The nonreducing N-
acetylglucosamine residues of all of the LCOs of mutant
SVQ287 lack fucose and 2-O-methylfucose substituents. In
addition, SVQ287 synthesizes an LCO with an unusually
long, C20:1 fatty acyl side chain. The transposon insertion
of mutant SVQ287 lies within a 1.1-kb Hindlll fragment.
This and an adjacent 2.4-kb Hindlll fragment were se-
quenced. The sequence contains the 3' end of noeK, nodZ,
and noeL (the gene interrupted by Tn5-B20), and the 5
end of nolK, all in the same orientation. Although each of
these genes has a similarly oriented counterpart on the
symbiosis plasmid of the broad-host-range Rhizobium sp.
strain NGR234, there are significant differences in the
noeK/nodZ intergenic region. Based on amino acid se-
guence homology, noeL encodes GDP-D-mannose dehy-
dratase, an enzyme involved in the synthesis of GDP-L-
fucose, and nolK encodes a NAD-dependent nucleotide
sugar epimerase/dehydrogenase. We show that expression
of the noeL geneis under the control of NodD1 in S. fredii
and is most probably mediated by the nod box that pre-
cedes nodZ. Transposon insertion into noeL has two im-
pacts on symbiosis with Williams soybean: nodulation rate
is reduced dightly and competitiveness for nodulation is

decreased significantly. Mutant SVQ287 retains its ability
to form nitrogen-fixing nodules on other legumes, but final
nodule number isattenuated on Cajanus cajan.

Snorhizobium fredii was initially described as a fast-
growing bacterium that nodulates soybean (Glycine max (L.)
Merr.) in a cultivar-specific manner and that can enter into
symbiosis with severa other legume species (Keyser et d.
1982). Although the first, and many subsequently, isolated S
fredii strains were from China (Keyser et a. 1982; Dowdle
and Bohlool 1985; Chen et a. 1988), similar microorganisms
have been isolated from diverse geographical regions, includ-
ing Panama (Hernandez and Focht 1984), Malaysia (Young et
al. 1988), the United States (Shen and Davis 1992), and Viet-
nam (Rodriguez-Navarro et a. 1996). One of the most inter-
esting characteristics of S. fredii isits exceptionally broad host
range. Strain USDA257, for example, produces nitrogen-
fixing nodules on more than 60 legume species (Krishnan and
Pueppke 1994b; S. G. Pueppke, unpublished). Rhizobium sp.
strain NGR234, a versatile symbiont that is closely related to
and perhaps a strain of S fredii (Jarvis et a. 1992), is even
more promiscuous.

Although the unusual symbiotic properties of S fredii make
it an attractive model for experimental manipulation, genetic
analysis of broad-host-range sinorhizobia is less advanced
than that of narrower-host-range symbionts. Bacterial genes
that function in nodulation are termed nodulation or nod
genes, and their expression is induced by flavonoid signals
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(Appelbaum et al. 1988; Krishnan and Pueppke 1991; Krish-

Nucleotide and/or amino acid sequence data are to be found at thehan €t a. 1995). Nod factors, also known as lipochitooligo-

EMBL data base as accession no. AF072888.

saccharides or LCOs, have aso been isolated from S fredii
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and characterized (Bec-Ferté et al. 1994, 1996; Gil-Serrano ebut only two were evident in extracts of SVQ287 (Fig. 1A).
al. 1997). These signal molecules, which are synthesized byThere are also differences in the migration of individual com-
the protein products of theod genes, regulate nodule initia- pounds. TLC analysis was also performed with (mettg)-
tion and morphogenesis (Dénarié et al. 1996). L-methionine as radioactive label. The LCOs produced by
There is evidence that the broad host rang& dfedii is strain HH103-1 became labeled under these conditions, but
fine-tuned bynod genes that function as determinants of host those of SVQ287 did not (Fig. 1B). Collectively, these obser-
specificity. ThenodSU locus, for example, is expressed in vations suggest that the Nod factors produced by SVQ287 are
NGR234 but not in USDA257. This means that USDA257 quantitatively and qualitatively different from those of the pa-
does not synthesize Nod factors withrmethyl and O- rental strain and that they probably lack methyl substituents.
carbamoyl substituents, which prevents nodulation of The Nod factors of mutant SVQ287 were purified by high-
Leucaena leucocephala, a leguminous tree (Krishnan et al. performance liquid chromatography (HPLC) into five frac-
1992; Jabbouri et al. 1995). Other loci, suclmaXWBTUV, tions (designated | to V). Gas chromatography-mass spec-
are probably not directly involved in Nod factor biosynthesis trometry (GC-MS) of the trimethylsilyl ethers of methyl gly-
or secretion, yet they function negatively to regulate both cul- cosides identified only a single hexosamine, which was
tivar specificity with soybean and nodulation of distantly re- confirmed to bep-glucosamine following GC-MS analysis of
lated legumes (Heron et al. 1989; Meinhardt et al. 1993;its trimethylsilylated (+)-2-butyl glycoside and (z)-2-butyl
Krishnan and Pueppke 1994a; Kovacs et al. 1995; Bellato etglycosides. Methylation analysis of the total LCO extract con-
al. 1997). Additional genes almost certainly are involved in firmed the presence of 1,5-@-acetyl-3,4,6-tri©-methyl-N-
defining other aspects of the host rang&dtedii, either by acetylN-methylglucosaminitol from the nonreducing terminal

modifying Nod factor structure or by other mechanisms. glucosamine residue and 1,4,5@dacetyl-3,6-diO-methyl-
We report here the presence of two genes that are located oN-acetylN-methylglucosaminitol from the internal and re-

the symbiosis plasmid @& fredii HH103 and resembleodZ ducing terminal glucosamine residues.

and noel of Rhizobium sp. strain NGR234 (Freiberg et al. The fatty acid analysis identified hexadecanoic acid

1997). They are highly homologous to counterparts in strain (C16:0), octadecanoic acid (C18:0), hexadecenoic acid
NGR234, but the intergenic regions are divergent. fduZ (C16:1), octadecenoic acid (C18:1), and icosenoic acid
genes of other rhizobia encode fucosyltransferases (Stacey €C20:1). The mass spectrum of the dimethyldisulfide deriva-
al. 1994; Lépez-Lara et al. 1996; Mergaert et al. 1996; Que-tives of the unsaturated fatty acid methyl esters (data not
sada-Vicens et al. 1997; Quinto et al. 1997), andnthet shown) contain for C18:1 ions a¥z 390 (molecular ion), and
gene is homologous to a G@Pmannose dehydratase gene of m/z 145 and 245, arising from the fragmentation between the
enteric bacteria. It thus seemed likely that these genes are inearbons that carry the dimethyldisulfide groups, and demon-
volved in the biosynthesis of Nod factorsSnfredii and, in- strate that the double bond is at carbon 11. For C16:1 the
deed, we demonstrate that disruptiomodlL leads to synthe-  analogous ions are a¥'z 362, 145, and 217. The presence of
sis of nonfucosylated LCOs. Although this mutant retains the the fragment ions ain/z 145 and 217 demonstrates that the
ability to form nitrogen-fixing nodules, its competitive capac- double bond is located at carbon 9. The position of the double
ity to nodulate soybean is decreased.

A
RESULTS B

Isolation of Tn5-lacZ mutantswith flavonoid-inducible
[B-galactosidase activity.

We employed suicide plasmid pSUP102-Gm carrying gt
transposon THB20 (Simon et al. 1989) to randomly . '
mutagenizes. fredii HH103-1. Two thousand Nrtransconju- -
gants were patched onto Bergersen’s medium and assayed ir
dividually for elevate@-galactosidase activity in the presence Vi
of the flavonoid naringenin. Three presumptive mutants ex-
pressed higheB-galactosidase activity under these conditions,
as assessed by the appearance of a dark blue color around tt
colonies. One of these clones, named SVQ287, was selected fc . . . . #
detailed analysisB-Galactosidase activity of mutant SVQ287
was about 120 Miller unitsn(= 4) in the absence of flavonoid
inducers. When supplied with 3.7 puM naringenin, daidzein,
and genistein, enzyme activity was elevated to 512, 525, anc 1 2 3 4 5 B8 7 8 1 2
640 U, respectively: a four- to fivefold level of induction.

/

Fig. 1. TLC (thin-layer chromatography) analysis of the lipochitooligo-

. saccharides (LCOs) produced by Snorhizobium fredii HH103-1, its

Char acterization of the Nod factors produced mutant derivative SVQ287, and strain SVQ287(pMUS283). A, 1“C-
by HH103-1 and mutant SVQ287. glucosamine as label in (lanes 1, 3, 5, and 8) the absence or (lanes 2, 4,

We used thin-layer chromatography (TLC) to analyze Nod 6, and 7) presence of 3.7 UM genistein as inducer. Lanes 1 and 2,
factor preparations from cultures that had been induced with1H103-1; lanes 3 and 4, SVQ287; lanes 5 and 6, SVQ287(pMUS283);
istein in th ¥c-al - At | t fi lanes 7 and 8, SVQ287(pMUS478, (Methyl-“C)-L-methionine as
genistein in thé présence -glucosamine. ?as ve label with 3.7 pM genistein as inducer. Lane 1, SVQ287; lane 2,

spots were resolved from extracts of parental strain HH103-1,4H4103-1.
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bond in C20:1 was not determined because of the small SVQ287 was 72% of that of plants inoculated with HH103-1,
amount of the sample. Fraction FI contains C16:1, C18:1, and but the decrease again is not significant. The initial nodulation
C18:0; FIl contains C16:0, C18:0, and C18:1; FllI contains rate of plants inoculated with SVQ287 was slightly retarded,
C16:0 and C18:1; FIV contains only C18:1; and FV contains but the ultimate number of nodules produced by SVQ287 was
C18:0, C18:1, and C20:1 not different from that produced by its parental strain HH103-
The results of analysis of fractions I-V by fast atom bom- 1. This is reflected by the mean number of nodules per plant
bardment (FAB)-MS are summarized in Table 1. [M*Hihd for HH103-1 versus SVQ287: 2.2 versus 1.8 at day 9, 12.2
[M+Na]®* pseudomolecular ions were present, as were theversus 7.2 at day 14, 35.0 versus 31.8 at day 19, 38.6 versus
thioglycerol adduct ions [M+H+TGJand [M+Na+TG] in the 32.6 at day 23, and 53.0 versus 57.4 at day 30.
case of LCOs with unsaturated fatty acids. The positive ion The difference in nodulation rates prompted us to compare
collision-induced dissociation tandem (CID-MS-MS) mass the capacities of the mutant and parent to nodulate Williams
spectra contain oxonium-type fragment ions formed by se-soybean in competition with one another. Mutant SVQ287
quential cleavage of each glycosidic linkage, with charge re- was outcompeted by parental strain HH103-1 at three different

tention on the nonreducing portion of each ion. Tevalue inoculum ratios (Table 3). Even when SVQ287 was supplied
of the lowest mass oxonium ion allows the identification of in 10-fold numerical excess, 73% of the nodules contained
the fatty acyl group on the nonreducing termins} only the parental strain, indicating that the mutation influences

acetylglucosamine residue. We have identified a total of 10the ability of the bacterium to interact with roots. Reisolates
LCOs synthesized by mutant SVQ287, all of which are devoid that were StKm"™ (presumed SVQ287) and ®m® (pre-
of fucose and Z-methylfucose (Fig. 2). Fucose- or(2- sumed HH103-1) were subjected to TLC analysis for produc-
methylfucose-containing homologues of eight of these struc-tion of LCOs in the presence of genistein. All retained the ex-
tures are elaborated by the parental strain HH103-1 (Gil- pected patterns (data not shown), indicating that the mutated
Serrano et al. 1997), but homologues of the other two weregene region of SVQ287 had not been altered during the course
not identified. The compounds are Sf-IV(C20:1) and Sf- of the experiment.
VI(C18:1). Conversely, nonfucosylated counterparts of three
LCOs of strain HH103 were not identified from the mutant. Genetic and sequence analysis of the mutated region
in strain SVQ287.

Symbiatic phenotype of mutant SVQ287. In a separate study, we isolated a deletion mutaBtfoddii

The symbiotic properties of mutant SVQ287 were assessedUSDA192 that lacksnodD1 and an unknown number of
with six legumes known to undergo effective nitrogen-fixing linked genes. This mutant does not produce Nod factors and
symbioses with th&. fredii wild-type strain HH103. Mutant  does not nodulate. We usedodD1-containing cosmid
SVQ287 retains the ability to produce nitrogen-fixing nodules pMUS283 from strain HH103 to complement the mutation for
on each of these plants, but the number of nodules per planhodulation and found that the transconjugant containing cos-
on Cajanus cajan is obviously reduced (Table 2). The mutant mid pMUS283 synthesizes a normal profile of Nod factors (as
was also tested with five legume species not nodulated bydetermined by TLC analysis), one virtually identical to that of
strain HH103 Albizia lophantha, Galega orientalis, Lablab strains HH103 and USDA192. However, the same non-
purpureus, Leucaena leucocephala, and Vigna aconitifolia). nodulating deletion mutant carrying a subfragment of cosmid
None of these plants was nodulated. pMUS283 that contains onlgodD1 produces a set of Nod

Mutant SVQ287 forms nitrogen-fixing nodules with the factors that is very similar (in TLC experiments) to that pro-
soybean cultivar Williams; nitrogenase activity at 6 weeks duced by mutant strain SVQ287. The fortuitous similarity
after inoculation was only 82% of that of parental strain between the two sets of Nod factors suggested that the gene
HH103-1, but this difference is not statistically significant. disrupted in SVQ287 might be linked tmdD1, and so we
The corresponding shoot dry weight of plants inoculated with transferred pMUS283 to the mutant. TLC analysis W@

Table 1. FAB-MS (fast atom bombardment-mass spectrometry) and collision-induced dissociation tandem (CID-MS-MS) analysis of lipochitooligosac-
charides (LCOs) from Sinorhizobium fredii SVQ287

Fraction [M+H]2 [M+Na]? [M+H+TG]? [M+Na+TG]? Oxonium-type ions Designation
| 1053 1075 1161 1183 Sf-1V(C18:1)
1055M 1077 SH-1V(C18:0)

1228 1250 1336 1358 Sf-V(C16:1)

I 1053 1161 SH-1V(C18:1)
1055 SH-1V(C18:0)

1230 1252 Sf-V(C16:0)

1256 1278 1364 1386 Sf-V(C18:1)

1459 1481 1567 1589 Sf-VI(C18:1)

11 1027 1049 400, 603, 806 Sf-1V(C16:0)
1256 1278 1364 1386 426, 629, 832, 1035 Sf-V(C18:1)

v 1053 1075 1161 1183 426, 629, 832 Sf-1V(C18:1)
\ 850 872 958 980 Sf-111(C18:1)
1055M 1077 428, 631, 834 Sf-1V(C18:0)

1081m 1189 Sf-1V(C20:1)

1258 1280 Sf-V(C18:0)

a8 M, Major component in each fraction; m, minor component in each fraction.
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glucosamine as radioactive label confirmed that the LCOs of
strain SVQ287(pMUS283) were indistinguishable from those
of parental strain HH103-1 (Fig. 1A).

A 9.6-kb EcoRI fragment from pMUS283 (Fig. 3A) was
subcloned into plasmid pMP92 to generate plasmid
pMUSA424, which was subsequently conjugated into mutant
SVQ287. *“C-labeled LCOs then were resolved by TLC. The
pattern of genistein-induced L COs was indistinguishable from
that produced by SVQ287(pMUS283) or HH103-1 (Fig. 1A).
A 2.7-kb Apal fragment that lies within the 9.6-kb EcoRl
fragment (Fig. 3A) was subcloned into plasmid pMP92 to
generate pMUSA75. In contrast to pMUS424, this plasmid did
not complement the mutation of SV Q287 as assessed by LCO
production (Fig. 1A).

A genomic library, constructed in the cosmid vector
pLAFR1, was employed to localize the transposon insertion in
strain SVQ287. The library was plated onto LB medium sup-
plemented with tetracycline and kanamycin, to select the cos-
mid vector and transposon, respectively. Four Tc" Km' Es-
cherichia coli clones were randomly selected and their
cosmids purified and digested with EcoRI. Agarose gel elec-
trophoresis demonstrated that each cosmid contained a com-

mon hybridizing EcoRI fragment of 11 kb, which conferred
Km" upon subcloning and transfer back into E. coli. One of
these cosmids was named pMUS519, and the exact position of
transposon Tn5-lacZ in it was determined by sequencing out-
ward from the terminus of 1S50R and into the adjacent DNA
from S fredii. Simultaneously, we began sequencing wild-
type plasmid pMUS424 (Fig. 4A) and, by matching se-

Table 2. Symbiotic responses to inoculation with Sinorhizobium fredii
HH103-1 and its mutant derivative SVQ2872

Phenotype

No.
L egume specis HH103-1 SvQ287 plants
Albizia lebbeck Fix* Fix* 4
Cajanus cajan® Fix* Reduced nodulation 8
Desmodium canadense Fix* Fix* 4
Glycine max cv. Williams Fix* Fix* 10
Macroptilium atropurpureum Fix* Fix* 10
Neonotonia wightii Fix* Fix* 14

@ Determinations were made 5 to 7 weeks after inoculation.
b HH103-1 and SV Q287 formed an average of 80 and 12 nitrogen-fixing
nodules per plant, respectively.

Fig. 2. Summary of the lipochitooligosaccharide (L CO) structures produced by mutant derivative SVQ287 compared with those from strain HH103 (Gil-

Serrano et al. 1997).

HO HO R,O o
0) O
HO 0
HO /O HO y - m\/\OH
_NH NH s
_ o=cC
Ry 0=C N
CH; CH;
——— —'1n
S. fredii SVQ287 S. frediiHH103
n R, (fattyacid) R, n R, (fatty acid) R,
- 1 C16:1A9 2-O-Me-Fuc
- 2 C16:1A9 Fuc and 2-O-Me-Fuc
3 C16:1A9 H 3 C16:1A9 Fuc and 2-O-Me-Fuc
2 C16:0 H 2 C16:0 2-O-Me-Fuc
3 C16:0 H 3 C16:0 Fuc and 2-O-Me-Fuc
1 C18:1A11 H 1 C18:1A11 2-O-Me-Fuc
2 C18:1A11 H 2 C18:1A11  Fuc and 2-O-Me-Fuc
3 C18:1A11 H 3 C18:1A11 Fuc and 2-O-Me-Fuc
4 C18:1A11 H - -
1 C18:0 2-0O-Me-Fuc
2 C18:0 H 2 C18:0 2-O-Me-Fuc
3 C18:0 H 3 ci8:0 2-0O-Me-Fuc
2 C20:1 H - -
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guences, were able to position the transposon at nucleotide
2,956 of the final 3,506 nuclectide sequence. This sequence
covers two Hindlll fragments, as shown in Figure 4, and ap-
pears in the EMBL nucleotide sequence data library as acces-
sion no. AF072888.

The fragment sequenced contains two adjacent open read-
ing frames (ORFs), both of the same polarity and with a high
probability of encoding proteins, as indicated by the Testcode
algorithm. These two ORFs are highly homologous to nodZ
and noeL of Rhizobium sp. strain NGR234 (Freiberg et d.
1997). The right and left ends of the fragment aso contain
homologues of the 3' terminus of noeK and the 5' terminus of
nolK of strain NGR234, respectively (Fig. 3B).

nodZ begins at position 912 and extends to the right for
966 bp, encoding a deduced polypeptide of 322 amino acids
with a predicted size of 36.5 kDa. This gene bears a striking
similarity to the corresponding gene of Rhizobium sp. strain
NGR234 (Freiberg et al. 1997), having only four mis-
matches in the primary nucleic acid sequence and three in
the deduced amino acid sequence of the protein (Fig. 5). As
in NGR234, the initiation codon for NodZ of HH103 ap-
pears to be TTG. The ORF is preceded by a putative ribo-
some binding site, AAGGACGG, at positions —14/-7 (Fig.

nodZ andnoelL are flanked by two other partially sequenced
genes that have homologues in NGR234. The left side of the
sequencedHindlll fragment contains 594 bp from thé énd
of an ORF that is 99.0% identical noeK (Fig. 3B). The last
two nucleotides of the TAA stop codon mdel. overlap a pu-
tative ribosome binding site, AAGAGG, that precedes an ad-
ditional ORF, only part of which was sequenced. This 318-bp
partial ORF is 99.0% identical to timelK gene ofRhizobium
sp. strain NGR234.

The intergenic region betweeweK andnodZ is 317 bp
long in S fredii HH103 and represents the only portion of the
sequenced region that differs substantially from the corre-
sponding region of NGR234 (Fig. 4). The first 55 bp of the
intergenic region are identical in both rhizobia, but this is fol-
lowed by a 74-bp block that is absent in NGR234. The re-
maining 188 bp, however, contain only four mismatches. The
unique 74-bp segment contains a possible ORF that encodes
an oligopeptide of 22 amino acids. This polypeptide has ho-
mology (50% identity and 55% charge similarity) to the first
20 amino acids of the NifW protein Kiebsiella pneumoniae,
an enteric bacterium that fixes nitrogen in the free-living state
(Arnold et al. 1988). There is no significant homology to
NifW of strain NGR234 (Freiberg et al. 1997).

4). NodzZ of Azorhizobium caulinodans is nearly the same

length as the&s fredii protein (Mergaert et al. 1996), but the Expression of noeL is hodD1-dependent.

corresponding protein of Bradyrhizobium japonicum nodZ of B. japonicum is under the control of a promoter that
(Lépez-Lara et al. 1996) is 47 amino acids longer (Fig. 5). does not contain aod box, and as a result, expression is in-

The amino acid identity between NodZ &ffredii and the
homologous proteins fror. caulinodans andB. japonicum
is 45.2 and 70.1%, respectively.

noeL begins 245 bp downstream fronodZ at position

dependent of the NodD regulatory circuit (Stacey et al. 1994).
In contrast, thexodZ/noeL loci of S fredii HH103 andRhizo-

bium sp. strain NGR234 both are preceded by a highly con-
servednod box (Spaink et al. 1987; Goethals et al. 1992) and

2,125 and extends for 1,053 bp to the TAA stop codon at po-an nolR box, which also may be involved in regulation
sition 3,178. Mutant SVQ287 contains the transposon inser-(Kondorosi et al. 1991). This makes it conceivable toaZ

tion at the 5end of thenoeL gene (at position 2,956). It en-

andnoel are under the control of NodD # fredii. This was

codes a putative protein of 351 amino acids with a predictedtested by transferring cosmid pMUS519 into strain SVQ318, a
size of 40.0 kDa. Only 11 nucleotides and four amino acid nodD1 mutant of HH103, and into strain HH103-1. As ex-

substitutions differentiatanoel of S fredii from noeL of

pected,3-galactosidase activity of HH103-1 (pMUS519) was

NGR234 (Freiberg et al. 1997). The GTG initiation codon is higher in the presence of genistein (3,969 Miller units) than in
preceded by the putative ribosome binding site, GGAGAT, at the absence of inducer (589 Miller units). Thgalactosidase
positions —14/-9. Computer analysis points to substantial ho-activity of strain SVQ318(pMUS519), in contrast, was nearly

mology between NoelL d&. fredii and GDPp-mannose dehy-

the same in the presence of genistein (445 Miller units) as in

dratase genes of several enteric bacteria (Fig. 6), as well a#ts absence (465 Miller units).

other organisms (data not shown). The NoeL proteins of

strains HH103 and NGR234 nevertheless lack an internalpscussionN
fragment of 10 amino acids that characterizes the enteric pro-

teins (Fig. 6).

Table 3. Competition between Sinorhizobium fredii mutant SV Q287 and
parental strain HH103-1 for nodulation of Williams soybean?

HH103-1: SV Q287

(ratioininoculum)  HH103* SVQ287®°  Both®  SVQ287°
10:1 94 1 5 10
11 95 3 2 50
1:10 73 18 9 90

@ Ten plants were inoculated with each strain combination, and nodule
occupancy was determined 5 weeks later. Strain HH103-1 and mutant
SV Q287 were identified as Km® and Km" colonies, respectively. The
value of 1in each ratio corresponds to 108 bacteria per ml.

b Percentage of nodules containing strain. A total of 118, 105, and 100
nodules, respectively, were examined for each of the three treatments.

¢ Percentage expected to contain this strain, calculated on the basis of
theinitial inoculum ratio.

We have employed transposon 5flacZ mutagenesis to
identify genes with elevated expression in response to flavonoid
signal molecules from the plant host. Although this strategy to
identify genes of potential symbiotic significance is laborious, it
has the advantage of randomness. This is an important consid-
eration forS fredii, a broad-host-range organism from which
very few host specificity genes have been isolated. Our secon-
dary screen, TLC analysis of LCOs, facilitated identification of
genes involved in the synthesis of bacterial Nod factors. Ulti-
mately, assessment of symbiotic phenotypes with a range of
legumes made it possible to link structural alterations in LCOs
to nodulation. Following this general strategy, we have screened
2,000S fredii mutants, each carrying a randonbdlacZ inser-
tion. We confined our initial analysis to one mutant, SVQ287,
that shows an increase figalactosidase activity in the pres-
ence of the inducers genistein, daidzein, and naringenin.
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The most striking feature of the LCOs of mutant SVQ287 is
the absence of fucosyl or 2-O-methylfucosyl residues. Synthe-
sis of GDP-L-fucose from GDP-D-mannose is a three-step
process in E. coli (Gabriel 1973). First, GDP-D-mannose de-
hydratase converts GDP-D-mannose into GDP-4-keto-6-
deoxy-D-mannose. The final two steps in the pathway are the

epimerization of GDP-4-keto-6-deoxymannose at C-3 and C-5

and then reduction at C-4. Mutation of nolK or nodZ abolishes
fucosylation of LCOs (LOpez-Lara et al. 1996; Mergaert et al.
1996; Quesada-Vincens et al. 1997), and there is evidence that
NolK is involved in conversion of GDP-4-keto-6-deaxy-
mannose into GDR-fucose (Mergaert et al. 1996). NodZ, in

E H C A H B H XX A B E
L l I [ ] I l II | II I I |
Xb B H B
< —>
pMUS475
< >
Sequenced fragment
< >
pMUS424
1Kb
B Tn5::lac
noeK nodZ noeL v nolK
[ I | I rol
H (o] H Xb B B H
1Kb
nifW-like

putative nod box

putative NolIR-binding site

Fig. 3. A, Restriction map of the 9.6-kb EcoRI fragment of cosmid pMUS283 that contains the nod genes responsible for fucosylation of lipochitooligo-
saccharides (LCOs) by Sinorhizobium fredii HH103. B, Orientation of open reading frames (ORFs) and other features on the 3.5-kb Hindlll fragment
sequenced. Abbreviations for restriction enzymes: A = Apal, B = BamHI, C = Clal, E = EcoRI, H = Hindlll, X = Xhol, Xb = Xbal.
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contrast, appears to be a fucosyl transferase (Lépez-Lara et apossible combinations of fatty acid and oligochitin chain, the
1996; Mergaert et al. 1996; Quesada-Vincens et al. 1997;C16:0 trimer, SfNod-11I(C16:0, fuc) was not identified from

Quinto et al. 1997). strain HH103. In contrast, four of these basic structures were
Mutant SVQ287 carries a BracZ insertion in noeL not identified from the mutant. However, LCO molecules not

(Freiberg et al. 1997), the protein product of which is homolo- identified from HH103 were detected in the mutant strain.

gous to GDP-mannose dehydratase. Inactivation nokeL One of them, NodSf-VI(C18:1), is a member of the vaccenic

thus would be expected to prevent the addition of the fucosylacid family but has an unusually long hexameric oligochitin
residue to bacterial LCOs, provided that no other copies of thebackbone. The second structure, NodSf-IV(C20:1), is a te-
gene are present elsewhere in the genome. It is neverthelessamer with an atypical 20 carbon fatty acyl substituent. Nei-
possible that the insertion has polar effects on downstreamther of these molecules has been identified previously as a
genes such awlK and that this influences Nod factor structure. metabolite ofSnorhizobium spp. (Roche et al. 1991; Price et
gmd, the E. coli homologue oioel, functions in the syn- al. 1992; Schultze et al. 1992; Bec-Ferté et al. 1994, 1996;
thesis of colanic acid, an extracellular polysaccharide that isLorquin et al. 1997a, 1997b).
produced by modE. coli strains and other species of the fam-  The expression afoelL is enhanced by flavonoids in mutant
ily Enterobacteriaceae. The colony morphology of SVQ287 is SVQ287 but not in amodD1-negative background, indicating
not visibly different from that of its parental strain, and that this gene is NodD-dependent. Transcription ofnideb
lipopolysaccharides produced by SVQ287 and HH103 are in-gene is likely to be controlled by th®ed box that precedes
distinguishable as assessed by polyacrylamide gel electrophonodZ (Fig. 3B), as has been proposed for the homologous
resis (data not shown). Disruption mafel thus has no appar- gene from strain NGR234 (Fellay et al. 1995). This conclu-
ent gross effect on the bacterial surface, and so symbioticsion is supported by the fact that plasmid pMUS475, which
alterations associated with the mutation are more likely to becontains the complet®el coding region, 96 bp of theodz-
due to changes in the LCOs than to pleiotropic effects on thenoeL intergenic region, but nood box, fails to complement
cell surface. Quesada-Vincens and associd®@37] also have  the mutation of SVQ287.
evidence that the symbiotic phenotype raidZ mutants of There is remarkable homology between the ORFs se-
NGR234 is directly attributable to alterations in LCO structure. quenced frons. fredii HH103, a Chinese strain, and those of
A total of 10 and 16 LCO structures have been identified Rhizobiumsp. strain NGR234, a New Guinea strain that is not
from mutant SVQ287 and parent strain HH103, respectively, able to form nitrogen-fixing nodules with soybean. Such
with structural variation not being limited to the simple pres- similarity between the symbiosis plasmids of HH103 and
ence or absence of fucosyl substituents. Both organisms proNGR234 is not just restricted to the genes involved in the fu-
duce sets of LCOs (Fig. 2) that differ in their fatty acyl sub- cosylation of LCOs. Other genes sequenced f@nfredii
stituent (stearic acid, vaccenic acid, palmitoleic acid, or HH103 and USDA257 show very high homology with coun-
palmitic acid) and the length of the oligochitin backbone of terparts of strain NGR234, e.quodD1 andnodD2 (Krishnan
the molecule (tri-, tetra-, or pentameric). Only one of the 12 et al. 1995), nodABC (Krishnan and Pueppke 1991),

NGR234
GTTAGGCTTTGCTGATA TTACCGC

HH103 E‘____D TGCAGATCTGTTACCGCTAGCGTCG. oo

noek Met Ser

..............................................................................................................................................

GAG CTGTTC TAT GCT GTG TCG GCA GTC CAG GAA TTG GCA TCA GCT CTT
Glu Leu Phe Tyr Ala Val Ser Ala Val Gln Glu Leu Ala Ser AlaLeu

.................................................. CGATGGTTCGCCACCTAACGTGAAGATAAGCCCTG
CTCTTC CTG GTG TGA ACCGATGGTTCGCCACCTAACGTGAAGATAAGCCCTG

Leu Phe Leu Val

AAAGACACGTCCCCTTTACATCCAATATGTGGATGGTTGCCATTCAAAATATAA
AAAGACACGTCCCCTTTATATCCAATATGTGGATGGTTGCCATTCAAAATATGA

ATTTTACTGATGTTGCCGAACTCCATTAGGAAGCTCTGALRTTGATTGGAAATCCG
ATTTTACTGATGTTGCCGAACTCC(] AGG, CTCT TTGATCGGAAATCCG

TAGAAGACAGTAAGTCAGAGCGGCGGCACTAAGGACGGGCAGCA NGR234
TAGAAGACACTAAGTCAGAGCGGCGGCACTAAGGACGGGCAGCA > HHI03

nodZ
Fig. 4. Nuclectide and deduced amino acid sequences deduced of the nif\WW-like open reading frame (ORF) that lies within the noeK-nodZ intergenic re-

gion. The putative NolR-binding site is boxed; the putative ribosome-binding site of nodZ is underlined. The characteristic ATC, GAT, ATT, and AAT
nucleotide blocks within the nod box (Goethals et a. 1992) are in boldface.
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nol XWBTUV (Meinhardt et a. 1993), and the ORFs desig- ing gene from NGR234. We have found similar insertions in
nated y4iR and y4vC (R. A. Bellogin, R. Espuny, F. J. Ollero, the intergenic region between the ORFs designated y4vC and
and J. E. Ruiz-Sainzinpublished results). The fact that even  vfl (Freiberg et al. 1997; R. A. Bellogin, R. Espuny, F. J.
the third base of the codons is so well preserved suggests thaDllero, and J. E. Ruiz-Sainanpublished results).

horizontal gene transfer between these bacteria has occurred Mutant SVQ287 forms nitrogen-fixing nodules on six leg-
recently. Mergaert and associates (1996) have drawn similaumes that are nodulated by the parental strain. The competi-
conclusions about the acquisition rafd genes byAzorhizo- tive capacity of the mutant to nodulate soybean, the host from
bium caulinodans. It is nevertheless possible to detect signifi- which strain HH103 was isolated (Dowdle and Bohlool 1985),
cant variations between thm®eK-nodZ intergenic regions of

S fredii HH103 andRhizobium sp. strain NGR234. Strain

_HH103 contains an extra DNA fragment that it is not present  groel 1+ v TDRKY GVTGanaa m

in NGR234, and this fragment shows homology to the first 60 Rsnoet 1t v TDRKlV GV TGQDGA v

) . . ecussd 1 - - Ms|Klv GV TGQDG[S v

bp of nifW of Klebsiella pneumoniae but not the correspond- youdss 1 - - - MKIK cliTcapqs v

veu2d4s 1 - - MK|K|K GVTGaDgs lvi

SfnoeL 32 [HG IKRHR m

SINOAZ 1 - - m e e e Rsnoel 32 |HG I KRR L

e ecu3gd 30 [HG I KRR L

BjnodZ 1 MKFYRCSSPAPRFQAVTPGEK IRETSVLTS yeudes 29 |HG IKRR L

ACNOEZ 1 oo e e DTN I TARR AR ISV vcu245 30 |HG IKRR i
SIOAZ 4 e e e LYNRIVVILERRRT S SfnoeL 63 [H YGD v aQ T[QPH[E
RenodZ 1 - LTI L ynlRIvivVILIS RRR TG Rsnoel 63 |H YGD)| v QQTiQPHIE
BnodZ 31 LVQPGAREKARQMVSGSSNDRIFVIVSRRRTG ecusgd 61 IH YGD LRE VIQP|DIE
ACMOZ 1 - - - o eeoa e MYNSACPEGRISV/IISRRRTG yeudes 60  H YGD| VKE HQPIDIE
vcu245 61 H YG D L QE V K{P{DIE

SnodZ 14 [FGDCLWSLAAAWRYAIQRTIAlRTLAVDWRGSC
RsnodZ 14 [FGDCLWSLAAAWRYAJQRITIAIRTLAVDWRGS G Sfnoel. 94 VIQVS FE|T[PE YTA
Binodz 61 [FGDCLWSLAAAWREAKQ[T|GIRT L A[IIDWRGS C Rsnoel. 94 WiV S FEITIPE YTA
Acnodz 20 LlGDcLws L AAAWSYAIRHTIRIRSILIVV D WS Els ¢ ecu3ss 92 VIAWS FEISIPE YTA
yeusss o1 |V|AlVS FE/S|PE YTA E
Stodz 44 [YLD|QPFTNAFPVFFEP IKD HA[GVIP F[TCONQ veu245 92 [VIAVSFESIPEYTA E
RsnodZ 44 |YLD|QP FTNAFPVFFEP IKID 1falgvle Fl1 CDINR
BnodZ 91 (YLDIElP FTNAFPVEFEPNVED IlalcvlRviicolpp Sfnoel. 125 i NFK
AcnodZ 50 D IGlavis VHYVS R Rsnoel 125 SIP GNIEK
ecudsq 123 1{P QIKIE|T]
StnodZz 74 INEF[SFPGPFFPINWWNK PA | E[CIVIYRPDA Qv youdes 122 [P QIRIET
RsnodZ 74 VINIE F[S FPGP F FRINWWNKP|A | E|civYRP DA QlV veu245 123 TIE QIKIEIT
Binodz 121 IINTRIS FPGP FFPITWWNK PIS FDic| IlYR P DIEIQ] |
AcnodZ 80 TSSLALESSV IRAWWRLIPY K QR e TIRSD A dl stnoeL 156 [RS P YAJA[AKIL[YA YW i[V[VN YR EJA[YG MH[A
Renoel 156 |RS P YAJAJAKILIYA YW 1{vlv N YREJA|vGMH[a
SfnodZ 104 [FRERDE LDJE[L FQA[QDDIVEANTVVCDACL ™M ecudsd 154 RSP YAWVIAKILIYA YW I[TIVN YRE[SIYGM YA
RsnodZ 104 |FRERDE L D|E[L FalaldplplvElANTVVCDACLM yeudes 153 RSP YAIVIAKIMYA YW I|TIVN YRE[SIYGMYA
BinodZ 151 |FRERD[QL DlO|L Falslalib|S DAN TV VCDAC L M veu24s 154 RSP YA[VIAKIMYA YW IIVIVN YREIS|YGM YA
AcnodZ 110° |[FRERDE LIRNIL FIF S RRIDJA D
StnoeL 187 [FNHESP|L[RGETFVTRK I TRAJAJAJATS L
stnodZ 134 [RCDEEAE RIQ[T FIC[S|V[KP RIAJE TQAR 1DA 1 YiQ[E Rsnoel 187 |FNHESPILIRGETFVTRK I TRARAAIIS L
Rsnodz 134 |RCDEEAE R | Flc[s|Vik P R[AlE 10AR 1DA I YalE ecussd 185 |FNHESPIRIRGETEVTRK | TRAIIAINIIAQ
BinodZ 181 LElRls| Ik P RIPIE 1 QAR tDA § YIRIE yeudss 184 (FNHESP[RIRPATFEV TRK I TRA1AIN[IA L
Aomoaz 140 FYDHL I'VNO VVROEVIDRVIVIALE vcu245 185 |[FNHESPIRIRGE TFV TRK I TAIGLIAIN 1A
SinodZ 164 VIVERGNGEDIVIMDHIA VWA b P stnoeL 218 [L YL GN|L[Dla JJRDWG H AR E[VV Blc MWNMMC
Rsnadz 164 VHVRHGNGED\,MDHAPADP Rsnoel 218 |L YL GN|L|p|a olR DWGH AR ElY Vv RlG MwMMC
Binodz 211 [1HVRHGN GE D IMACP LT OGH G ecudsd 216 DS L{RD WG H AlK D|Y vk MQWMML
AcnodZ 170 1GVH[IIRHGNGEDI! LIDHD RIYWC E E yeud6s 215 DS LIRDWGHAK D ¥V RiM QW MML
veu24s 216 plA LIRDwWGH AlK DY v RIMalw MM L
Stnodz 194 DLVHQCTA NAJAKA LPHPKPVRV I[LCTD
Rsnod? 194 DLHVHVCTA N\ KA LPHPKPVRY IlLGTD Sfnoel. 249 G[D) VLATGVTTSVRTFVEWAFETGMTIEWV
BinodZ 241 AALRQIYNA IDEARSLSHAKPVRAFLGIDS Rsnoel 249 GID|YV[L|a TG V|T T|s v R[T{F v EwA F E[E|T[GIMT 1 Ewv
Acnodz 200 NAJAIMN LIVIA HKLIREE RAK FP FRS TK | FILGTD] ecudss 247 E[D|FIV[iA TGVIaY{S VRIQFVEIMAAAQLIGI K LRFE
yeudss 246 EDFVIATGKQITVREFVRMSAKAGIEIEFS
A Tav]o Ys vRiaF i{Ews AklElLIGV TL TFE

Sthodz 224 ARLDQVSSRFDLTIP s[FRIA Das[GPIT veu2ds 247 EDIFV]I
Rsnodz 224 [sla AlV|L pav s s RFRIDILIL T 1 PikisiE RlA b aslalp(L

Binodz 271 LVEQVSVKF&%VFASPKQFQAPQAGPLH Hs'“°e'L-§8° gEG'EERG'DA """"" TGKC"AVD
AcnodZ 230 [s]P Alvis Ew F RRE MPIGILF A T EKIE[E RlQR G E[GE[L snoel. 280 GEIG| | EIEIRIG IDAA]- - - - - - - - - - TIGIRGC VIVIAlV D
i el Al ecudsd 278 [GIT|GIV EIEKIG 1IVVSVTGHDAPGVKPIGDV | LAV D
Stnodz 254 [FSlP D LGV ElGlG 1 ST VIE G LIGDIT VITRIFP yeuaes 277 GKGIDEIATISISDEYATSAKVGDIIRVD
R oo4 HSLADLVE G,SEM oot vli RIFP veu2ds 278 (alalalv DlE|k|G IV TlAl i EGDKAPA LK VgDV vivla 1D
BinodZ 301 HE'ALGEG FSAM&L ARCHV‘RFPP SfnoeL 301 [PRYFRP|TEVID L[LTGDA TKAlRG
Acnodz 260 |HS AlH FIGIL Glgla v Ala L vIDMolL Ls RIcDlv LT Alve VIL GWRHIE TSIV
LA Rsnoel 301 [PRYFRP|TIE VD L{L L DA T|K AlRQv|L aWR HIE|T sV
Sinodz 284 PTSAFTYARLSVPRV,EFDLNDPSHLVVI ecu3s4 309 (PRYFRPAIEV[E T|L L GD|P TIK AlHE K|L GWK PIEI 1 T L
RsnodZ 284 [P TS A FITIRY A RILISIVIPIR VI ELE D LNG PSR Ly v | veuses 308 PR YFRPA|E VIE T|L L GDJP S|k Alk k KIL awlv PIE| 1 TV
vcu245 309 [PRYFRPIAE VIE T{L L colp sk alk aklLawWT Pl 1 Tlv

BjnodZ 331 TSAFTR%IARLARVIEFDLNDPGRLIL!E
AcnodZ 290 __PTSAFS WP S|L|LIVIEIRVIFD[FDLIARGVF
- CQAD Sfnoel 332 RDILACIEMV|REDLIS YLRGTRQ

SinodZ 314 ERESISTNTAS Rsnoel 332 RDLACIEMVIRE[DL|S YLRGTRQ
E Rls TiAs ecu3sd 340 REMVSIEMVANDLIEAAKKHS L
DN{S MA S

RsnodZ 314 STN
yeud68 339 EEMCA|EMVIAGID LIQGQAKQHA L

BjnodZ 361 QA L
AcnodZ 320 RKAGGASSG vCcu245 340 QEMCAJEMVIM

Fig. 5. Alignment of the NodZ proteins of Sinorhizobium fredii HH103 Fig. 6. Alignment of NoeL of Snorhizobium fredii (Sfnoel) and Rhizo-
(Sfnodz), Rhizobium sp. strain NGR234 (RsnodZ), Bradyrhizobium ja- bium sp. strain NGR234 (Rsnoel) with GDP-D-mannose dehydratase of
ponicum (BjnodZ), and Azorhizobium caulinodans (AcnodZ). Con- Escherichia coli (ecu384), Yersinia enterocolitica (yeu468), and Vibrio
served amino acids are boxed. cholerae (vcu245). Conserved amino acid residues are boxed.
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is greatly compromised. Symbiotic capacity for Cajanus cajan
is aso reduced, as measured by fina nodule numbers. Al-
though C. cajan forms indeterminate nodules (Allen and Allen
1981), nodulation of Albizia lebbeck, another indeterminate
nodule-forming species, is unaffected. It thus seems clear that
the ability of HH103 to nodulate does not depend on the pro-
duction of fucosylated LCOs, but that these molecules may
play important ancillary roles in nodulation efficiency. Al-
though fucosylation of Nod factors appears to play a similar
accessory role in nodulation by B. japonicum (Stacey et d.
1994), a nodZ-negative mutant of strain NGR234 apparently
fails to nodulate Pachyrhizus tuberosus (Quesada-Vincens et
al. 1997).

MATERIALS AND METHODS

Strains, plasmids, and media.

The bacteria strains and plasmids used in this study are
listed in Table 4. Snorhizobium strains were cultured in TY
medium (Beringer 1974) or minima medium (Bergersen
1961). E. coli strains were grown in Luria-Bertani (LB) me-
dium (Maniatis et a. 1982). When required, the media were
supplemented with antibiotics (amounts in pgimtifampicin,
50; streptomycin, 400; kanamycin, 50 (25 for E. coli); neomy-
cin, 100; tetracycline, 4 (10 for E. coli); nalidixic acid, 20.

Genetic techniques.

Plasmids were transferred by conjugation as described by
Simon (1984). To carry out random transposon Tn5-lacZ
mutagenesis, plasmid pSUP102-Gm (carrying the Tn5-lacZ
transposon Tn5-B20) was transferred by membrane crosses
from E. coli S17-1 to strain HH103-1. Nm" transconjugants
were screened for B-galactosidase activity that could be in-

of Maniatis et al. (1982). A cosmid library of mutant SVQ287
in pLAFR1 was constructed as described (Heron et al. 1989)
and maintained ii. coli HB101.

Nod factor (LCO) purification.

Ten liters of culture medium was extracted with 3 liters of
n-butanol. The butanol extract was evaporated to dryness un-
der vacuum and the residue was suspended in 50 ml of 3:2
acetonitrile-water that was then brought to 1:4 acetonitrile-
water. A prepurification step was performed by passing the
crude extract through a Super Clean LC18, Supelco column
(Supelco, Bellefonte, PA) from which the LCOs were eluted
with different acetonitrile-water ratios (20, 45, and 60%).
These fractions were purified by HPLC on a semi-preparative
C18 reversed phase column (250 x 7.5 mm, Spherisorb
ODS2, 5 mm, Tracer, Barcelona, Spain) with isocratic elu-
tions of acetonitrile-water (20%, 5 min; 30%, 30 min; 40%, 30
min; 60%, 15 min), and then a linear gradient over 10 min
from 60 to 100% of acetonitrile. The eluent from the HPLC
was monitored at 206 nm.

Carbohydrate composition and methylation analysis.

Glycosyl composition analysis was carried out after metha-
nolysis with anhydrous methanolic 0.625 M HCI (16 h, 80°C).
The samples were re-acetylated with 1:1 (vol/vol) acetic an-
hydride-pyridine then trimethylsilylated with 1:1 (vol/vol)
pyridine-BSTFA and analyzed by GC-MS (Chaplin 1982).
The absolute configuration of the glucosamine was assigned
following GC-MS analysis of its trimethylsilylated 2-
butylglycosides prepared with (+)-2-butanol and (z)-2-butanol
(Gerwig et al. 1978) as above. The LCOs were permethylated
(Ciucanu and Kerek 1984) and the samples hydrolyzed with 2
M trifluoroacetic acid (120°C, 1 h), reduced, and acetylated

duced by 3.7 UM naringenin or genistein. This was assessedy the method of Blakeney et al. (1984). The permethylated
by the appearance of a dark blue color surrounding bacterialalditol acetates were analyzed by GC-MS. The GC-MS in-

patches. Assays f#-galactosidase activity in liquid bacterial

cultures were as described by Spaink et al. (1987).

strument, the columns, and analytical conditions for the dif-
ferent derivatives have been described previously (Gil-Serrano

Total genomic DNA and large- and mini-scale plasmid and et al. 1995).

cosmid DNA preparations were as described by Maniatis et al.
(1982). DNA manipulation, including restriction digestion,
ligation, transformation, electrophoresis, and bacterial trans-

Fatty acid analysis.
The fatty acids were identified as methyl esters. The methyl

formation were performed according to the general protocols esters were prepared by methanolysis in methanolic 0.625 M

Table 4. Bacterial strains and plasmids

Strain Derivation and relevant properties Source or reference
Snorhizobium fredii
HH103 Wild type Buendia-Claveria et al. 1994
HH103-1 HH103 Str Buendia-Claveria et al. 1989
SvVQ287 HH103-Inoel::Tn5-B20 This work

SVQ318 HH103-InodD1

Escherichia coli

Vinardell 1997

S17-1 294 Reg chromosomally integrated RP4 derivative, Tp" Sm" Simon et al. 1983
HB101 Restriction-minus; recA background Boyer and Roulland-Dossoix 1969
Plasmids

PSUP102-Gm::Tn5-B20  Suicide plasmid carrying the Tn5-lacZ transposon Tn5-B20 Simon et al. 1989
PMUS283 Cosmid pLAFR1 carrying nodulation genes of S fredii HH103 Thiswork
PMUS424 pMP92 containing a 9.6-kb EcoRI fragment of pMUS283 that carries part of noeK,  Thiswork

nodZ, noel, and part of nolK
PMUA75 pMP92 containing a 2.7-kb Apal fragment of pMUSA424 that carries noel and nolK  Thiswork
PMUS519 Cosmid pLAFR1 containing a fragment of the HH103 symbiosis plasmid that Thiswork

carries the noel::Tn5-B20 fusion
pMP92 Broad-host-range cloning vector, Tc' Spaink et al. 1987
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HCI at 80°C for 16 h. The methyl esters of fatty acids were Bec-Ferté, M.-P., Krishnan, H. B., Savagnac, A., Pueppke, S. G., and

identified by GC-MS. Location of the double bonds in the un-
saturated fatty acyl residues was determined following prepa-

Promé, J.-C. 1996hizobium fredii synthesizes an array of lipooligo-
saccharides, including a novel compound with glucose inserted into
the backbone of the molecule. FEBS Lett. 339:273-279.

ration of dimethyl disulfide ethers of the methyl esters (Buser gellato, C., Krishnan, H. B., Cubo, T., Temprano, F., and Pueppke, S. G.

et al. 1983).

FAB-M S analysis.

1997. The soybean cultivar specificity gemX is present, expressed
in a nodD-dependent manner, and of symbiotic significance in culti-
var-nonspecific strains oRhizobium (Snorhizobium) fredii strain
USDA191. Microbiology 143:1381-1388.

Positive ion FAB mass spectra were obtained with MS1 of a Bergersen, F. J. 1961. The growth Rffizobium in synthetic media.

JEOL JMS-SX/SX102A tandem mass spectrometer (JEOL,

Aust. J. Biol. Sci. 14:349-360.

Tokyo) operated at 10 kV accelerating voltage. The FAB gun Beringer, J. E. 1974. R factor transferRhizobium leguminosarum. J.
was operated at 6 kV accelerating voltage with an emission_ Gen. Microbiol. 84:188-198.

current of 10 mAmps and Xenon as the bombarding gas.

Blakeney, A. B., Harris, P. J., Henry, R. S., and Stone, B. A. 1984. A
simple and rapid preparation of alditol acetates for monosaccharide

Spec_t_ra were scanned at a speed of 30 s for the full mass range analysis. Carbohydr. Res. 131:291-299.
specified by the accelerating voltage used, and were recorde®oyer, H. B., and Roulland-Dussoix, D. 1969. A complementation
and averaged on an HP9000 data system (Hewlett Packard, analysis of the restriction and modification of DNA Hscherichia

Palo Alto, CA) running JEOL COMPLEMENT software. CID
mass spectra were recorded with the same instrument, with
helium as the collision gas in the third field free region colli-

coli. J. Mol. Biol. 4:459-472.
Buendia-Claveria, A. M., Chamber, M., and Ruiz-Sainz, J. E. 1989. A
comparative study of the physiological characteristics, plasmid con-
tent and symbiotic properties of differeRhizobium fredii strains.

sion cell, at a pressure sufficient to reduce the parent ion to Syst. Appl. Microbiol. 12:210-215.
one third of its original intensity. HPLC fractions were redis- Buendia-Claveria, A. M., Rodriguez-Navarro, D. N., Santamaria, C.,

solved in 10 pl of dimethyl sulfoxide (DMSO) and 1-uyl ali-
quots of sample solution were loaded into a matrix of mono-

thioglycerol.

Plant assays.

Nodulation tests were carried out Gn max cv. Williams,
Albizia lebbeck (L.) Benth.,A. lophantha (Willd.) Huth, Ca-
janus cajan (L.) Millsp., Desmodium canadense (L.) DC.,
Galega orientalis Lam., Lablab purpureus (L.) Sweet,
Leucaena leucocephala (Lam.) de Wit,Macroptilium atropur-
pureum (Moc. & Sessé ex DC.) UrbNeonotonia wightii (J.
Graham ex Arnott) J. Lackey, andigna aconitifolia (Jacq.)

Maréchal, as described by Buendia-Claveria et al. (1989)

Ruiz-Sainz, J. E., and Temprano-Vera, F. 1994. Evaluation of the
symbiotic properties oRhizobium fredii in European soils. Syst.
Appl. Bacteriol. 17:155-160.

Buendia-Claveria, A. M., Ruiz-Sainz, J. E., Cubo-Sanchez, T., and Perez
Silva, J. 1986. Studies of symbiotic plasmidfimzobiumtrifolii and
fast-growing bacteria that nodulate soybeans. J. Appl. Bacteriol. 61:1-
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